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Abstract 
Elastic and inelastic neutron scattering (ENS and INS) experiments were performed on a 
single crystal of (Ni0.4Mn0.6)TiO3 (NMTO) to study the spatial correlations and dynamics of 
spins in the XY-like spin-glass (SG) state. Magnetization measurements reveal signatures of SG 
behavior in NMTO with a freezing temperature of TSG ~ 9.1 K. The ENS experiments indicated 
that the intensity of magnetic diffuse scattering starts to increase around 12 K, which is close to 
TSG. Also, spin-spin correlation lengths (ξ) at 1.5 K are approximately (21±1) and (73±2) Å in 
the interlayer and the in-plane directions, respectively, demonstrating that magnetic correlations 
in NMTO exhibit quasi two-dimensional antiferromagnetic order. In addition, critical exponent 
(β) is determined to be 0.37±0.02 from the intensity of magnetic diffuse scattering confirms the 
XY-like SG state of NMTO. INS results show quasi-elastic neutron scattering (QENS) profiles 
below TSG. The life-time of dynamic correlations, τ~ ћ/ΓL, obtained from the half width at half 
maximum of the Lorentzian (ΓL) QENS profiles, are approximately (16±1) and (16±2) ps at 10 
K for two positions (0.00, 0.00, 1.52) and (0.01, 0.01, 1.50), respectively. Therefore, our 
experimental findings demonstrate that short-range-ordered antiferromagnetic clusters with 
short-lived spin correlations are present in the XY-like SG state of NMTO.  
 
PACS numbers: 75.50.Lk, 61.05.F-, 78.70.Nx, 75.40.-s, 75.40.Cx 
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I. Introduction 
Spin-glass (SG) systems are examples of frustrated magnetism and have attracted much 
interest as they exhibit a wide range of interesting physical phenomena, such as history-
dependence and divergent nonlinear magnetic susceptibilities.1-3 Typically, the combination of 
competing exchange interactions and either site or bond disorder leads to an SG state. However, 
in some stoichiometric intermetallic compounds, such as PrAu2Si24 and PrRuSi35, which exhibit 
neither static disorder nor a geometrically frustrated lattice, transition to the SG state has been 
observed. Inelastic neutron scattering (INS) studies have shown that the SG behavior in these 
systems arises from dynamic fluctuations of the crystal field levels.4 These fluctuations 
destabilize the induced magnetic moments and frustrate the development of long-range magnetic 
ordering. To date, neutron scattering has proven to be a powerful tool for elucidating the nature 
of static and dynamic magnetic correlations in the SG state of several disordered alloys and in 
geometrically frustrated compounds such as CuxMn1-x,6 FexAl1-x,7 Fe(Ni1-xMnx),8,9 Y2Mo2O710 
and La2(Cu, Li)O411. However, the different behaviors depending on whether one is dealing with 
the Ising-, XY- or Heisenberg-type of SG systems is still a subject of research.12 (Fe0.50, 
Mn0.50)TiO3 is reported to behave like a typical Ising SG system13, 14 while the dilute magnetic 
alloys such as CuxMn1-x, AgxMn1-x or AuxFe1-x 15, 16 are known as canonical Heisenberg-like SG 
systems 17. However, true XY spin glass systems are rare. The chiral-glass superconductors are 
close to the XY SG systems but there SG state is often referred to as orbital glass state17, 18 
because it arises due to orbital moments rather than spins. Also, Mathieu et al. report that the SG 
state in Pr1-xCa1+xMnO4 arises due to the presence of passive eg orbitals.19  
In the present work, we focus on an XY-like SG system (Ni0.4Mn0.6)TiO3 (NMTO) that 
exhibits memory and relaxation effects and has more recently been reported to exhibit linear 
magnetoelectric (ME) coupling.20-22 (NixMn1-x)TiO3 with 0.40 ≤ x ≤ 0.48 has an ilmenite crystal 
2 
 
structure with a rhombohedral  space group (centrosymmetric). In the crystal structure of 
(NixMn1-x)TiO3, a magnetic (Ni, Mn) plane and a non-magnetic Ti plane are alternate along the 
hexagonal c-axis, separated by oxygen layers. Ni and Mn ions in each (Ni, Mn) plane form a 
honeycomb lattice.20,21 The parent compounds NiTiO3 and MnTiO3 are antiferromagnetic and 
have the ilmenite crystal structure (space group ). Figures 1(a) and (b) depict the schematic 
magnetic structures of NiTiO3 and MnTiO3 after Yamaguchi et al.20 In NiTiO3, the spin 
arrangement is ferromagnetic within the hexagonal c-layer, but adjacent layers are coupled 
antiferromagnetically with Néel temperature, TN≈ 23 K20,22 and the spin easy axis is 
perpendicular to the c-axis. The magnetic structure of NiTiO3 is A-type with magnetic wave 
vector q = (0, 0, 1.5).22,23 However, in MnTiO3, spin ordering is antiferromagnetic in both inter- 
and intra-layer directions with TN≈ 64 K and the spin easy axis is parallel to the c-axis. MnTiO3 
has a G-type magnetic structure with magnetic wave vector q= (0, 0, 0).22,23 MnTiO3 reportedly 
exhibits ME coupling owing to its magnetic symmetry24 and a spin-flop transition25. The 
different spin arrangements and easy axes of the parent compounds compete in the mixed 
compound so frustration of the exchange interactions in NMTO gives rise to its SG behavior at 
low temperatures. Competitions between spin anisotropies result in effective XY-easy plane 
anisotropy.26,27  
 
In this work, x-ray diffraction, magnetization, neutron powder diffraction, elastic and 
inelastic neutron scattering (ENS and INS) experiments were performed on single crystal and 
powder samples of NMTO to elucidate the correlations and dynamics of spins in the SG state. 
Single crystal x-ray diffraction verifies the high quality of the sample. Rietveld refinement of the 
powder x-ray diffraction pattern reveals that the sample has a single phase. Temperature-
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dependent dc magnetization measurements provide evidence of a SG transition in the sample at 
TSG~ 9.1 K with a Curie-Weiss temperature (θCW) of -91.28 K. Neutron powder diffraction 
patterns show strong magnetic diffuse scattering at finite Q which is not coinciding with the 
nuclear Bragg peaks. These features reveal that short-range antiferromagnetic spin-spin 
correlations exist in the SG. ENS studies of the single crystal NMTO indicate that the magnetic 
correlations are quasi two-dimensional (2D). INS studies reveal that the life-times (τ) of the 
dynamic correlations are similar to those of SG systems.1-3  
 
II. Experimental 
Single crystals of NMTO were prepared by the floating zone method, as described 
elsewhere.20,21 X-ray diffraction patterns were obtained using an in-house x-ray diffraction 
facility with Cu Kα radiation. Magnetic measurements were made on the polycrystalline sample 
of NMTO using a superconducting quantum interference device magnetometer. Neutron powder 
diffraction patterns were obtained at a wavelength of 4.22 Å using the WOMBAT diffractometer 
at ANSTO, Australia, with a pyrolytic graphite (PG) monochromator: a Be filter was used to 
remove higher-order contamination. ENS and INS experiments were performed on a single 
crystal of NMTO on a cold neutron triple-axis spectrometer-SIKA at ANSTO, Australia28. SIKA 
is equiped with a PG (002) monochromator and analyzer. For the current experiment, SIKA run 
in a constant Ef mode, with 40’‐40’‐40’‐40’ for the pre‐mono, pre‐sample, pre‐analyzer and 
pre‐detector collimators, respectively. Some of the data were collected at a constant Ef= 5.5 meV 
with a PG filter. Other data were measured by using a cooled Be‐filter at Ef= 3.7 meV. Both PG 
filter and Be filter were used in order to suppress the high order contamination. The temperature 
of the sample was controlled using a standard cryogenic He orange cryostat. Rietveld 
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refinements of the x-ray powder diffraction data were carried out using the FULLPROF software 
suite.29  
 
III. Results and discussion  
Rietveld analysis of the x-ray powder diffraction pattern that was obtained at room 
temperature was carried out with R 3  space group model and presented in Fig. 1(c). All the 
observed peaks in the diffraction pattern were accounted for using the single phase R 3  space 
group, except for those associated with a negligibly small amount of impurity in the form of the 
rutile phase of TiO2 (JCPDS No.: 34-0180), at 2θ~27° marked as *. The refined lattice 
parameters of NMTO were a= b= 5.125 Å and c= 14.120 Å in hexagonal structure with 
agreement factors χ2= 3.79 and Rwp= 7.40. The upper inset in Fig. 2(a), presents the x-ray 
diffraction profiles for the (113) reflection of the single crystal of NMTO. The small FWHM~ 
0.160 verifies the high quality of the crystal. To determine the SG transition temperature, the 
temperature-dependence of the zero-field cooled (ZFC) and field-cooled (FC) dc magnetic 
susceptibility (χ) of a powdered sample of NMTO in a field of 0.5mT was plotted in the lower 
inset in Fig. 2(a). The irreversibility of ZFC and the FC χ below TSG ~ 9.1 K in the low field is 
the signature of the SG behavior of NMTO. Further, Fig. 2(b) shows the temperature-dependence 
of the real part of ac magnetic susceptibility (χ’) for H//Y-axis (⊥ c-axis) and H//Z-axis (|| c-axis). 
The position of maximum of χ’ shifts to the high temperature with increasing frequency which is 
the characteristics of conventional spin glasses.1-3 Similar, behavior has been previously reported 
by Yamaguchi et al.20 for the SG state of NMTO. These features verify that the SG state of 
NMTO is stable below ~ 9.1 K. The high-temperature χ data that were collected in a magnetic 
field of 1 T are consistent with Curie-Weiss behavior, χ(T)= C/(T-θCW). The linear fit (solid line) 
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of χ -1 as a function of T from 120 to 300 K [Fig. 2(a)] yields a Curie-Weiss temperature (θCW) of 
-91.28 K and an effective moment (μeff) of 4.73 μB. The strongly negative value of θCW reveals 
predominant antiferromagnetic exchange interactions in NMTO.5,10 The experimentally obtained 
value of μeff lies between the theoretically expected spin only magnetic moment,  
of 2.828 μB for Ni2+ (S= 1) and 5.916 μB for Mn2+ (S= 5/2) free ions. To analyze the short-range-
ordered SG state of NMTO, neutron powder diffraction patterns of NMTO at 1.6 K and 20 K are 
displayed in Fig. 2(c). A very broad peak at finite Q≈ 0.67 Å-1 (indicated by an arrow) is 
observed in the neutron powder diffraction pattern that was obtained at 1.6 K, which is below SG 
transition temperature of TSG~ 9.1 K. Strong diffuse scattering at finite Q which in not 
coinciding with nuclear Bragg peak along with magnetization measurement indicates that short-
range spin-spin correlations are antiferromagnetic in nature.7-9,27 All of the other peaks in the 
pattern are indexed to a rhombohedral R 3  space group in the hexagonal phase. A peak of low 
intensity that is marked by * at Q≈ 1.41 Å-1 is associated with λ/2 contamination from the PG 
monochromator. To investigate the systematic temperature-dependence of the correlations and 
dynamics of spins in the SG state, ENS and INS measurements were performed on a single 
crystal sample of NMTO.    
 
Figure 3(a) presents mesh scans of the single crystal of NMTO at Ef = 5.5 meV around the 
(0, 0, 1.5) position at a temperature of 1.5 K.27 The reciprocal lattice point (0, 0, 1.5) represents 
the first antiferromagnetic peak in the parent compound, NiTiO3.22,23 The temperature 
dependence of this scattering in NMTO indicates that it is magnetic in origin similar to that 
observed in the neutron powder diffraction pattern. To eliminate contributions from nonmagnetic 
nuclear scattering and higher-order contaminations, data obtained at 30 K [Fig. 3(b)] were 
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subtracted from those obtained at 1.5 K [Fig. 3(a)]. Figure 3(c) displays the pattern following 
subtraction. The anisotropy of the patterns in the [0, 0, L] and [H, H, 1.5] directions is the 
signature of two spin-spin correlation lengths, ξ. Although some elastic neutron scattering results 
around (0, 0, 1.5) reciprocal lattice point has been reported by Kawano et al.27 previously, such 
anisotropy has not before been observed in the SG state of NMTO. To determine reliably spatial 
correlation, ξ value in both directions and their dependence on temperature around TSG, ENS 
data were obtained systematically from 1.5 to 30 K.  
 
Figure 4 displays the temperature-dependent ENS profiles for NMTO around the (0, 0, 1.5) 
reciprocal lattice point in (a) the inter-plane/layer ([0, 0, L]) direction and (b) the in-plane ([H, H, 
1.5]) direction at several temperatures around TSG, obtained at Ef = 3.7 meV. The scattering 
pattern includes a central Bragg-like peak and background (BG). As the temperature increases 
from 1.5 K to above TSG, the intensity of central peak decreases, reaching close to zero at 
temperatures of above 12 K. The observed patterns are well fitted by a Lorentzian function, 
which represents magnetic diffuse scattering from the sample with the addition of a constant BG 
term. Therefore, the total scattering function is:    
 
   
 
where AL and  represent the integrated intensity and HWHM of the Lorentzian function,11,22 
respectively. Figures 4(a) and (b) show fitting results using the above function. Different value of 
ξ (ξ≈ ) were obtained in the two directions. At 1.5 K, in the inter-plane/layer direction, the ξ 
is approximately (21±1) Å, while in the in-plane direction it is approximately (73±2) Å. Figure 
4(a) reveals that the inter-plane/layer ξ exceeds the distance between the neighboring Mn/Ni 
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layers (c/3= 4.7066Å). Generally, a small ξ corresponds to the nanometer-scale spin clusters.7-9 
These features further indicate that the magnetic spin-spin correlations are quasi 2D.11 The insets 
in Figs. 4(a) and (b) indicate the strong temperature-dependence of ξ and AL. Increasing the 
temperature reduces drastically both ξ and AL, which are close to zero at 20 K. The increase in 
AL below TSG suggests that the number of antiferromagnetically correlated clusters increases as 
the temperature decreases.9 Further, integrated intensity of the magnetic diffuse scattering is 
proportional to the square of local sublattice magnetization (order parameter).1-3 Near the SG 
transition it follows a power-law, I ∞ (TSG-T)2β where β is the critical exponent related to the 
order parameter. The integrated intensities along two directions in the temperature range from 
1.5 to 12 K have been fitted with the power-law using β and TSG as fitting parameters. The 
continuous lines in the insets correspond to the fitting with β≈ (0.37±0.02) and TSG≈ (12.4±0.1) 
K. The value of exponent, β is close to XY model1-3,30 and therefore confirms the XY-like nature 
of SG state of NMTO. The value obtained for TSG is higher than that obtained from the 
magnetization measurement due to the non-zero integrated intensity even above 9.1 K and can be 
assigned to the slow dynamics of SG systems. To establish the dynamics of the experimentally 
observed short-range spin-spin correlations, INS data were collected slightly away from the (0, 0, 
1.5) point to avoid the strong elastic scattering but sufficiently close to obtain a reasonable signal 
from the short-range spin-spin correlations.31  
 
Figures 5(a) and (b) present the INS spectra as functions of energy transfer (E) for NMTO 
from 1.5 to 50 K; two positions (a) (0, 0, 1.52) and (b) (0.01, 0.01, 1.50) corresponding to 
transverse and longitudinal displacements from (0, 0, 1.50) reciprocal lattice point are measured. 
Owing to the very low intensity of quasi-elastic neutron scattering (QENS), the insets in Figs. 
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5(a) and (b) display a magnified view of the tail region. QENS profiles are indicated by arrows 
and can be modeled using a Lorentzian function. The total scattering function is:  
 
   
 
where BG is the background, YG represents the resolution-limited elastic Gaussian component 
and AL & are the integrated intensity and HWHM of the Lorentzian function,7-9, 32 respectively. 
Figures 6(a) and (b) present the results of fitting at 1.5 K using the above function for the two 
positions. INS data at 50 K are closely described using a single Gaussian function, but the tails 
that arise from QENS are well fitted using a single Lorentzian component. Therefore, all INS 
data were analyzed using the aforementioned function. The HWHMs of the elastic Gaussian 
components (instrumental resolution) are (0.029±0.007) and (0.030±0.007) meV for (0, 0, 1.52) 
and (0.01, 0.01, 1.50) positions. These HWHMs are determined using vanadium scans under 
similar conditions and held fixed during fitting. Figures 7(a) and (b) plot the variations of the 
obtained parameters AL and ΓL with temperature for the two positions. Figures 7(c) and (d) show 
the elastic Gaussian contributions (AG and ΓG). The AG of the elastic Gaussian component 
remains nearly constant for T≥ 20 K but starts to increase rapidly as the temperature falls below 
12 K. These figures indicate that for the two positions, the integrated intensity of the quasi-
elastic Lorentzian component is zero for T≥ 20 K, but that of the elastic Gaussian component is 
almost constant for T≥ 20K with a HWHM that is still comparable to the instrumental resolution. 
The temperature-dependence of the integrated intensity of the QENS (AL) profiles is similar to 
those observed for some other SG systems and attributed to the slow dynamics of the spin 
correlations.7,11,33 However, the spin-relaxation rates (ΓL) decrease drastically as the temperature 
falls below TSG. The rapid decrease of the relaxation rate below TSG has been observed in many 
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SG systems10,34,35 and saturates for T< 5 K to a value that is close to the resolution limit of the 
instrument. The spin-relaxation rates at 10 K for (0, 0, 1.52) and (0.01, 0.01, 1.50) positions are 
ΓL~ (0.21±0.01) and ~(0.16±0.02)  meV, respectively. The life-time of the dynamic correlations, 
τ~ ћ/ΓL, are approximately (16±1) and (16±2) ps at 10 K for the two positions, which are 
comparable to those of typical SG systems.1-3,35 However, the abrupt increase in the intensity of 
the elastic Gaussian component as the temperature falls below 12 K reveals that there are two 
magnetic contributions in the NMTO: first, short-range spin correlations give rise to QENS and 
can be described using a Lorentzian function and second, a slower component that appears static 
within our instrumental resolution can be described using the Gaussian function.6,10,11  
 
As mentioned above, the magnetic structure of NiTiO3 is A-type and its spin arrangement 
is ferromagnetic in the hexagonal c-layer, but adjacent layers are coupled antiferromagnetically. 
In contrast, the magnetic structure of MnTiO3 is G-type, and the spin ordering is 
antiferromagnetic in both inter- and intra-layer directions. The different spin arrangements of the 
parent compounds compete in the mixed compound so frustration of the exchange interactions in 
NMTO gives rise to SG behavior at low temperatures. Meanwhile, as discussed in the 
introduction, the SG state can arise from a combination of frustration of long-range magnetic 
interactions and chemical disorder.1-3 However, we conceive that the XY-like SG state of NMTO 
is also associated with the electronic and orbital properties of Ni2+ and Mn2+ ions particular the 
former one at TSG, owing to the strong spin-orbital coupling effects as observed in 
Eu0.5Sr1.5MnO4 17 and Pr1-xCa1+xMnO4 19. Accordingly, the electronic and orbital properties at 
the Ni2+ and Mn2+ sites of NMTO at/near TSG must be investigated to elucidate the critical role 
of bond/site disorder and orbital properties in the stabilization of the SG state in the NMTO. This 
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issue is currently being studied using x-ray absorption/resonant inelastic x-ray scattering/soft x-
ray scattering and will be reported elsewhere. 
 
IV. Conclusions 
In summary, a XY-like SG system, NMTO, with ME coupling was studied using various 
experimental techniques. Magnetization measurements show that the SG state of NMTO is stable 
below TSG~ 9.1 K. Neutron powder diffraction experiments verify strong magnetic diffuse 
scattering around the (0, 0, 1.5) reciprocal lattice point at 1.6 K which correlates with the AFM 
zone centre of the parent compound. ENS experiments on a single crystal of NMTO also reveal 
magnetic diffuse scattering around the (0, 0, 1.5) reciprocal lattice point for T≤ 12K. The small 
values of ξ provide the evidence that magnetic correlations are quasi 2D. Moreover, critical 
exponent (β) obtained from the intensity of magnetic diffuse scattering lies close to the XY spin- 
glass system. INS results suggest that the dynamics of the spins start to freeze for the both 
positions below TSG, saturating at values that are close to the instrumental resolution. The life-
time of the dynamic correlations, τ~ ћ/ΓL are approximately (16±1) and (16±2) ps at 10 K for the 
(0, 0, 1.52) and (0.01, 0.01, 1.50) positions. Therefore, the detailed investigation of temperature-
dependent magnetization, powder neutron diffraction, ENS and INS data herein reveal that short-
range-ordered antiferromagnetic clusters with slow spin dynamics are characteristics of the SG 
state of NMTO.  
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Figure captions 
Fig. 1: Magnetic structures of (a) NiTiO3 (A-type) with magnetic wave vector, q= (0, 0, 1.5) and 
(b) MnTiO3 (G-type) with magnetic wave vector, q= (0, 0, 0) after Yamaguchi et al. [Ref. 13]. (c) 
Observed (red dots), calculated (black continuous line) and difference (blue continuous line) 
patterns obtained following Rietveld refinement of room-temperature x-ray power diffraction 
pattern of NMTO. Vertical bars indicate Bragg positions. Small peak at 2θ~ 270 indicated by * 
represents impurity in form of rutile phase of TiO2.  
 
Fig. 2: (a) Temperature-dependence of the inverse magnetic susceptibility of polycrystalline 
NMTO sample in 10 kOe magnetic field under field-cooled conditions. Red continuous line 
represents Curie-Weiss fit from 120-300K. Upper inset: x-ray diffraction profile of (113) 
reflection of single crystal of NMTO, Lower inset: temperature-dependence of ZFC and FC 
magnetization of polycrystalline sample in 5.0 Oe magnetic field, (b) Variation of real 
component χ’ of ac magnetic susceptibility for H // Y-axis and H // Z-axis (H=5.0 Oe) at 10, 100 
and 1000 Hz frequencies with temperature for single crystal of NMTO and (c) Neutron powder 
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diffraction patterns obtained at temperatures of 1.6 K and 20 K. Arrow in figure indicates intense 
diffuse scattering at Q≈ 0.67 Å-1 at 1.5 K. Small peak at Q≈ 1.41 Å-1 marked with * arise from 
λ/2 contamination from PG monochromator.  
 
Fig. 3: Mesh scans around (0, 0, 1.5) reciprocal lattice point at (a) 1.5 K and (b) 30 K at Ef = 5.5 
meV. To remove nonmagnetic contributions, 30 K data were subtracted from 1.5 K data and 
results are shown in (c). 
 
Fig. 4: Temperature-dependence of ENS spectra in (a) the inter-layer/plane direction ([0, 0, L]) 
and (b) in-plane direction ([H, H, 1.5]) between 1.5 and 30 K. Continuous lines through dots 
represent Lorentzian curve fitting, discussed in text. Insets show correlation lengths and 
integrated intensities in the two directions. Dotted lines through data points are guide to eyes 
while continuous lines through the integrated intensities corresponds to the power-law fit, I∼ 
(TSG − T)2β  discussed in the text. Error bars size in insets are comparable to that of data points. 
 
Fig. 5: INS spectra as a function of energy transfer (E) for NMTO from 1.5 to 50 K in (a) (0, 0, 
1.52) and (b) (0.01, 0.01, 1.50) positions. Insets in Figs., (a) and (b) show magnified view that 
show QENS at temperatures from 1.5 to 12 K, indicated by arrows.  
 
Fig. 6: Results of fitting of INS spectra for (a) (0, 0, 1.52) and (b) (0.01, 0.01, 1.50) positions at 
1.5 K, using a combination of Gaussian and Lorentzian functions (continuous green line) with 
constant background; continuous pink line represents Gaussian component at 1.5 K. At 50 K, 
profile is Gaussian so a single Gaussian function (shaded blue region) is fitted to data, owing to 
incoherent scattering from the sample.   
 
Fig. 7: Temperature-dependence of half width at half maximum (ΓL and ΓG) and integrated 
intensities of Lorentzian (QENS) and Gaussian (central elastic) components in (a, c) (0, 0, 1.52) 
and (b, d) (0.01, 0.01, 1.50) positions. Integrated intensity of Lorentzian components due to 
QENS is zero at 20, 30 and 50 K. Error bars size for integrated intensity are comparable to data 
points.   
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